To comprehensively examine the antioxidant capacity of Perilla frutescens leaves extract, eight assays including hydroxyl radical, hydrogen peroxide, ferrous ionchelating, total antioxidant capacity, nitric oxide, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), 2,2′-diphenyl-1-picrylhydrazyl, and ferrous reducing antioxidant assays were employed. The results indicated that the ethyl acetatesoluble fraction of P. frutescens leaves extract displayed the highest antioxidant activities. The antioxidant constituents from ethyl acetate-soluble fraction of P. frutescens leaves extract were screened by 2,2′-diphenyl-1-picrylhydrazyl highperformance liquid chromatography, and 11 compounds were identified after isolation using step-wise high-speed countercurrent chromatography. Protocatechuic acid, chlorogenic acid, caffeic acid, rosmarinic acid, luteolin, methyl-rosmarinic acid, apigenin, and 4′,5,7-trimethoxyflavone are the major antioxidant constituents in ethyl acetate-soluble fraction of P. frutescens leaves extract.
Introduction
Free radicals play an important role in disease pathogenesis. The reactive oxygen species (ROS) and reactive nitrogen species (RNS) produced in response to inflammation, oxidation of proteins, lipids, and DNA are the most important free radicals produced as a result of cellular metabolism. Free radical ROS and RNS include superoxide, hydroxyl, and nitric oxide radicals; and nonradical ROS and RNS include singlet oxygen, hydrogen peroxide, hypochlorous acid, and peroxynitrite. The body maintains a balance of ROS and RNS by various radical scavenging mechanisms, [1] however, imbalance of ROS and RNS can result in diseases, such as aging, cancer, Parkinson's disease, blood vessel disorders, heart failure, etc. Thus, the antioxidant, the substance which scavenges free radicals and inhibits the oxidation of other molecules in the human body, is necessary. Various methods are used to investigate the antioxidant property of samples. Normally, the in vitro antioxidant assays can be divided into two main categories. One category is based on electron transfer (ET) from the antioxidant resulting in a color change that can be measured spectrophotometrically, such as ferric reducing/antioxidant power (FRAP), 2,2′-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), metal-chelating activity (FIC), and total antioxidant capacity (TAC) assays; the other category
Materials and methods

Chemicals
Dried leaves of PF were purchased from a local market in Chuncheon, Korea. A voucher sample (RIC-2012-5) has been deposited at the Center for Efficacy Assessment and Development of Functional Foods and Drugs, Hallym University, Chuncheon, Korea. Methanol, n-hexane (n-Hex), methylene chloride (MC), ethyl acetate (EtOAc), and n-butanol (n-BuOH) were purchased from J.T. Baker (Phillipsburg, NJ, USA). Ultrapure water, used for all solutions, dilutions, and HPLC analysis, was generated using a Milli-Q laboratory water purification system (Millipore, Bedford, MA, USA) with a resistivity over 18.2 MΩ cm. ABTS diammonium salt, ammonium ferrous sulfate, ammonium molybdate, BHT, DPPH, ferrous chloride, ferrous sulfate, ferrozine, Griess reagent, hydrogen peroxide, potassium ferricyanide, sodium nitroprusside, sodium phosphate, sulfuric acid, potassium persulfate, sodium salicylate, sulfuric acid, trichloroacetic acid, and xylenol orange were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Preparation of plant extracts
Dried leaves of PF (2 kg) were extracted three times with methanol for 3 h. The PLE was suspended in distilled water and partitioned with n-Hex, MC, EtOAc, and n-BuOH to yield n-Hex (40.84 g), MC (25.21 g), EtOAc (22.24 g), n-BuOH (116.88 g), and water (27.43 g) fractions.
HO• scavenging assay HO• scavenging activity was measured according to the modified procedure used by Su et al. [33] Briefly, the reaction mixture which consisted of 0.5 mL of ferrous sulfate (8 mM), 0.8 mL of hydrogen peroxide (6 mM), 0.5 mL of distilled water, 1.0 mL of the samples (final concentration: 0.33 mg/mL), and 0.2 mL of sodium salicylate (20 mM) was incubated at 37°C for 1 h. Then the absorbance of the mixture was recorded at 562 nm. Ascorbic acid was used as a positive control. HO• scavenged (%) was calculated as follows: [1 -{(A 1 -A 2 )/A 0 }] × 100%, where A 0 is the absorbance of the control (without extract), A 1 is the absorbance after the addition of the extract, and A 2 is the absorbance without sodium salicylate.
H 2 O 2 scavenging assay
The H 2 O 2 scavenging activity of PF was determined according to a previously described method with minor changes. [34] The ferrous ion oxidation xylenol orange (FOX) reagent was first prepared by mixing BHT (87.3 mg), sulfuric acid (10 μL), xylenol orange (7.6 mg), ammonium ferrous sulfate (10 mg) in 100 mL of 90% methanol-water solution. Aliquots of 50 mM H 2 O 2 and the samples (final concentration: 0.2 mg/mL) were mixed (1:1, v/v) and incubated for 30 min at room temperature. After incubation, 90 μL of the H 2 O 2 sample solution was mixed with 10 μL of HPLC-grade methanol. Then, 0.9 mL of FOX reagent was added. The reaction mixture was then vortexed and incubated at room temperature for 30 min. The absorbance of the ferric-xylenol orange complex was measured at 560 nm. Ascorbic acid was used as a positive control. H 2 O 2 scavenged (%) was calculated as follows: [1 -{(A 1 -A 2 )/A 0 }] × 100%, where A 0 is the absorbance of the control (without extract), A 1 is the absorbance after the addition of the extract, and A 2 is the absorbance without FOX reagent.
FIC assay
The FIC assay was carried out as described by Hsu et al. [35] Briefly, 0.5 mL of BHT (1 mmol) or extract samples (final concentration: 0.5 mg/mL) were mixed with 100 μL of ferrous chloride solution (0.6 mM) and 0.9 mL of methanol. The mixture was left at room temperature for 10 min. Then, 0.1 mL of ferrozine solution (5 mM) was added and the reaction mixture was left at room temperature for 5 min. The absorbance of the mixture was determined at 562 nm. The FIC effect (%) was calculated from the decrease in the absorbance against the control.
NO radical scavenging assay NO, generated from sodium nitroprusside, was measured according to Nitha et al. [36] A final volume of 0.1 mL of extract samples (final concentration: 66.67 µg/mL) in 0.2 mL of phosphate buffered saline containing sodium nitroprusside (5 mM) was incubated at 25°C for 150 min. Thereafter, aliquots of the mixture (0.5 mL) were removed and diluted with 0.5 mL of Griess reagent. The absorbance was measured at 546 nm and the inhibition of NO generation was estimated by comparing the absorbance values to that of the control without the extract. NO scavenged (%) was calculated as follows: [1 -(A 1 /A 0 )] × 100%, where A 0 is the absorbance of the control (without extract), A 1 is the absorbance of the sample after the reaction.
TAC assay
The TAC was determined according to Oliveira et al. [37] The samples (final concentration: 90.91 µg/mL; 0.1 mL) were added in eppendorf tubes and mixed with 1 mL of the reagent solution containing sulfuric acid (0.6 M), sodium phosphate (28 mM), and ammonium molybdate (4 mM). The tubes were capped and incubated in a thermal block heater at 95°C for 90 min. The absorbance was measured at 695 nm after the samples were allowed to cool to the room temperature. Ascorbic acid (final concentration: 4.55, 9.09, 22.73, 45.45, 68.18, and 90.91 µg/ mL) was used as a positive control.
FRAP assay
The FRAP was determined according to Amarowicz et al. [38] Briefly, each fraction of the extract (1.18, 58.82, 294.12, and 588.24 µg/mL) was dissolved in 1.0 mL of distilled water to which 2.5 mL of a 0.2 M phosphate buffer (pH 6.6) and 2.5 mL of 1% (w/v) potassium ferricyanide solution were added. The mixture was incubated in a water bath at 50°C for 20 min. After that, 2.5 mL of 10% (w/v) trichloroacetic acid solution was added and the mixture was then centrifuged at 1750g for 10 min. A 2.5 mL aliquot of the upper layer was mixed with 2.5 mL of distilled water and 0.5 mL of 0.1% (w/v) ferric chloride solution. The absorbance of the reaction mixture was measured spectrophotometrically at 750 nm; an increased absorbance of the reaction mixture indicates greater reducing power. The mean values of three independent samples were calculated for each fraction of the extract.
ABTS assay
The ABTS assay was performed according to Wang et al. [39] with slight modification. In brief, 10 µL of the diluted sample was mixed with 290 µL ABTS solution (2 mM ABTS diammonium salt, 3.5 mM potassium persulfate) and then completed with methanol to a final volume of 300 µL. The ABTS solution served as a control. Then, the absorbance was measured at 750 nm after the mixture was incubated for 10 min. The antioxidant activity was expressed as the percentage of ABTS radical elimination and calculated according to the following formula: [(A blank -A sample )/A blank ] × 100%, where A blank is the absorbance of the blank ABTS solution, and A sample is the absorbance of the ABTS solution after the addition of the sample. The sample concentration providing 50% inhibition (IC 50 ) was calculated from the graph of the inhibition percentage versus the concentration.
DPPH assay
The free radical scavenging activity of the crude extract and the isolated compounds was determined by the decolorization of the DPPH radical. In brief, 30 µL of the diluted sample was mixed with 180 µL DPPH solution (0.13 mg/mL) and then completed with methanol to a final volume of 210 µL. The DPPH solution served as a control. Then, the absorbance was measured at 517 nm after the mixture was incubated for 20 min. The antioxidant activity was expressed as the percentage of DPPH radical elimination and calculated according to the following formula:
where A blank is the absorbance of the blank DPPH solution, and A sample is the absorbance of the DPPH solution after the addition of the sample. The IC 50 was calculated from the graph of the inhibition percentage versus the concentration.
DPPH-HPLC experiment
The EtOAc fraction of the PLE was treated with DPPH according to the same procedure described for the colorimetric analysis of the DPPH radical (DPPH assay section). The mixture was then passed through a 0.45 µm filter and subjected to HPLC analysis according to the methods described in "HPLC analysis" section. A blank of the aqueous extract was used as a control. The peaks corresponding to the antioxidant compounds were supposed to decrease in magnitude or even disappear after the reaction.
HPLC analysis
The HPLC analysis of each filtrate was performed on an Agilent 1200 series instrument (Agilent Technologies, Seoul, Korea). Separation was achieved on an Eclipse SB-C18 Rapid Resolution column (150 mm length, 4.6 mm inner diameter (ID) and 3.5 µm particle size; Agilent), coupled with a guard column, at 30°C. Briefly, the samples (10 µL) were injected into the system and eluted with acidified water (0.1% trifluoroacetic acid, A) and methanol (B), at a flow rate of 0.7 mL/min. The gradient elution system was modified as follows: 0-35 min, A-linear gradient starting with 5% B-line, was programmed installed to reach 50% B-line at 15 min using a linear gradient, followed by 100% B-line from at 15 to 23 min. The eluent was monitored using a UV detector at a wavelength of 254 nm.
Step-wise HSCCC The instrument employed for HSCCC was a TBE-300C HSCCC (Tauto Biotechnique Company, Shanghai, China). The apparatus, with a maximum rotational speed of 1000 rpm, was equipped with three polytetrafluoroethylene preparative coils (ID: 2.6 mm, total volume: 300 mL) and a 20 mL sample loop. The β values of the multilayer coil varied from 0.5 at the internal terminal to 0.8 at the external terminal. Solvents were delivered by an Isolera FLASH purification system (Biotage, Uppsala, Sweden), which was used to pump the two-phase solvent system and to carry out the UV absorbance measurement. HSCCC was performed as follows: the multilayer-coiled column was first entirely filled with the lower phase of the selected solvent system as a stationary phase at a flow rate of 20 mL/min for 15 min. Then, the column rotor was started at 700 rpm, and the upper phase was pumped through the column at a flow rate of 4 mL/min entering in a tail-to-head direction. After a hydrodynamic equilibrium was reached, as indicated by a clear mobile phase, the sample solution (200 mg in 3 mL of the stationary phase; n-BuOH:water = 1:1, v/v) was injected. The effluent was monitored with a UV detector at 280 nm, and fractions were collected in test tubes every 8 min (32 mL) by the fraction collector. The peak fractions were pooled according to the elution profile and the analytical HPLC detection. The fractions were then separated by solvent system 1 to obtain compound 11 (2.2 mg), compound 10 (3.3 mg) at solvent system 2, compound 9 (10.0 mg) and compound 3 (3.6 mg) at solvent system 3, compound 4 (2.2 mg) at solvent system 4, and compound 2 (4.4 mg) and compound 7 (20.4 mg) at solvent system 5. The solvent system is shown in Figure 3 (A) In addition, based on reference papers, another four compounds (protocatechuic acid, oleanolic acid, kaempferol-3-O-rutinoside, and luteolin) were identified by standards that were purchased from Sigma-Aldrich using HPLC. [40] [41] [42] [43] 
Structure identification
The 1 H and 13 C nuclear magnetic resonance (NMR) spectra of the seven isolated pure compounds were recorded using the Bruker AV 600 instrument, using MeOH-d 4 as a solvent. Moreover, the isolated compounds were analyzed by electron ionization mass spectrometry (EI-MS) performed in a LR-mass equipped with JEOL JMS-700. The mass spectrometer was operated in the negative-ion mode with an electron impact of 70 eV with direct insertion probe. The ion source was set at 250°C and the mass range was 50-600 m/z.
Results and discussion
Comprehensive evaluation of PLE antioxidant activity
Owing to the various types of free radicals, the mechanism by which antioxidants exert their activity is complex. Normally, the in vitro antioxidant assays can be divided into two main categories. One category is based on ET from the antioxidant resulting in a color change that can be measured spectrophotometrically; the other category includes the assays that measure the ROS scavenging capacity. In this study, we performed five assays (FRAP, DPPH, ABTS, FIC, and TAC) of the ET category and three assays (HO•, H 2 O 2 , NO) of the ROS category to evaluate the antioxidant activity of PF.
HO• is one of the major ROS that is continuously formed in the process of reduction of oxygen to water. HO• causes oxidative stress; furthermore, it can lead to DNA strand breaks, oxidation of the protein amino acids, and glycation of proteins, among others. [44] As shown in Figure 1A , the HO• scavenging activity of PF methanol extract was evaluated first and a 6.05% inhibition was obtained at the concentration of 33.33 µg/mL. Even though the inhibitory activity of the crude extract is much lower than that of ascorbic acid (10.19% at 33.33 µg/ mL), but it still indicates that potent HO• scavengers exist in the matrix. Therefore, we applied solvent fractionation to separate five fractions for enrichment of the active compounds and their inhibitory activities were tested again. It was found that the aqueous fraction exhibited the highest HO• scavenging activity (8.54% at 33.33 µg/mL), which was still a little lower than that of ascorbic acid. H 2 O 2 is not very reactive; however, it induces cellular aging and can attack many cellular systems due to its high penetrability through the cell membranes. [45] The H 2 O 2 scavenging activity of ascorbic acid, the crude extract, and five fractions (n-Hex, MC, EtOAc, n-BuOH, water residue) was approximately 27.91%, 9.87%, 7.33%, 6.95%, 11.64%, 2.69%, 10.97% at a concentration of 200 µg/mL, respectively ( Figure 1B) . Compared with ascorbic acid, the solvent fractions of the extract exhibited a lower H 2 O 2 scavenging activity. The EtOAc-soluble fraction exhibited the highest H 2 O 2 scavenging activity and accordingly was considered the active fraction.
Ferrozine can quantitatively form complexes with Fe 2+ . In the presence of chelating agents, the complex formation is disrupted, which results in a decreased red color of the complex. Therefore, measurement of color reduction allows the estimation of the chelating activity of the co-existing chelator. The FIC activity of the five solvent fractions isolated from the PF crude extract is presented in Figure 1C . In this assay, the crude extract, the five solvent fractions isolated from the crude extract and BHT, interfered with the formation of ferrous-ferrozine complex, suggesting that they have chelating activity and can capture the ferrous ions before ferrozine. It was found that the n-BuOH-soluble fraction showed a higher metal chelating activity. NO is normally considered a vascular protective molecule. However, NO reacts with superoxide radical to generate the highly reactive molecule, ONOO -, which results in a cascade of harmful events as discussed below. [46] The nitric oxide scavenging activity of the fractions isolated from the PF crude extract is presented in Figure 1D . The EtOAc-soluble fraction showed the highest NO scavenging activity (29.38% at 66.67 μg/mL). Ascorbic acid showed a scavenging activity of 66.63% at the same concentration. Although the nitric oxide scavenging activity of our active sample was lower than that of the positive control, a higher nitric oxide scavenging activity is predicted if the experiment is performed on the pure active compounds isolated from the active fraction.
The TAC of the solvent fractions is presented in Figure 1E . As described in Fig. 1E , the solvent fractions were found to have strong and increasing antioxidant capacity at concentrations of 1.18-588.24 μg/mL. The EtOAc-soluble fraction showed the highest TAC at a concentration of 181.18 μg/ mL of ascorbic equivalent to 232.67 μM ascorbic acid/g. FRAP assay measures the reduction of ferric iron (Fe 3+ ) to ferrous iron (Fe 2+ ) in the presence of antioxidants. [47] This assay is commonly used for the analysis of TAC of natural product extracts. Results of the ferric reducing power of the selected solvent fractions are presented in Figure 1F . The EtOAc-soluble fraction showed very strong ferric ion reducing activity (1.14 at 117.65 μg/mL; absorbance at 750 nm) and the MC-soluble fraction possessed the lowest ferric reducing capacity (0.14 at 117.65 μg/mL; absorbance at 750 nm).
ABTS and DPPH assays measure the antioxidant potential of natural products using single-electron transfer mechanism. [48] In addition, it is simple and common method for determination of the antioxidant activity. Results of ABTS and DPPH assays are presented in Figures 1G and 1H . The EtOAc-soluble fraction showed the highest antioxidant activity similar to that of the positive control. Particularly, the EtOAc-soluble fraction of the PF crude extract has a higher antioxidant activity (IC 50 29.85 μg/mL) than that of ascorbic acid (IC 50 34.40 μg/mL) in the DPPH assay.
The correlation coefficients (r) of each two assays were calculated as shown in Table 1 . The high correlations suggested the radical scavengers for these two radicals are same or similar; however, poor correlations suggested the components of PF fractions that act as antioxidants for these two radicals are not the same. Finally, DPPH scavenging activity showed correlations with ABTS (r = 0.99) and HO• (r = 0.28) scavenging activities; and FRAP antioxidant activity showed correlations with H 2 O 2 (r = 0.46), NO• (r = 0.83), and TAC (r = 0.62) antioxidant activities. FIC showed no correlation with any other antioxidant activity. These results indicated that the results of DPPH and FRAP assays could be used to represent most antioxidant activities, and the EtOAC fraction of PF extract showed most potent antioxidant capacity.
Screening and isolation of potential antioxidants
It is necessary to identify the antioxidant constituents from EtOAc fraction of PLE. Thus, DPPH-HPLC experiment was applied using the EtOAc-soluble fraction. The peak area of the active compound is expected to decrease after addition of the DPPH solution. If the compound does not possess an antioxidant activity, its peak will show no reduction. As shown in Figure 2 , compounds 1, 2, 3, 7, 9, 10, and 11 showed reduced peak areas. Consequently, compounds 7 and 9 showed greatest reduction of the peak area may possess an antioxidant activity.
The step-wise HSCCC was subsequently performed to isolate the antioxidant constituents. The mobile phases and chromatography of step-wise gradient elution are shown in Figures 3A  and 3B , respectively. The purity of the isolated compounds, including chlorogenic acid (2), caffeic acid (3), 4-methyoxycinnamic acid (4), rosmarinic acid (7), methyl-rosmarinic acid (9) , apigenin (10), and 4′,5,7-trimethoxyflavone (11) , was checked by HPLC ( Figure 3C ). The structures of compounds ( Figure 3D) were identified by standard compounds, NMR, and EI-MS compared with previously reported data associated with or without MS analysis. [17, [49] [50] [51] [52] [53] [54] [55] The detailed structural information is listed in supporting information. Another four compounds (protocatechuic acid (1), oleanolic acid (5), kaempferol-3-O-rutinoside (6) , and luteolin (8)) were identified by standard references. Moreover, as shown in Figure 3E , the contents of the major antioxidant constituents in EtOAc fraction of PLC were provided, of which chlorogenic acid (2), caffeic acid (3), 4-methyoxycinnamic acid (4), rosmarinic acid (7), methyl-rosmarinic acid (9), 
Antioxidant activity of the identified compounds
The identified compounds were evaluated for their antioxidant activity using DPPH assay and FRAP assay. For DPPH assay, as shown in Figure 4A , compound 7 (rosmarinic acid) has an IC 50 of 27.31 μg/ mL, which is similar to that of the well-known natural antioxidants, followed by compound 3 (caffeic acid) with an IC 50 of 39.86 μg/mL, compound 8 (luteolin) with an IC 50 of 43.52 μg/mL, and compound 9 (methyl-rosmarinic acid) with an IC 50 of 44.28 μg/mL. For FRAP assay, as shown in Figures 4B and  4C , compound 3 possessed the highest ferric reducing activity, which was even higher than that of the positive control, followed by compound 9, compound 1 (protocatechuic acid), and compound 7. The ferric reducing effects decreased in the order of compound 3, 9, 7, 1 (0.235, 0.226, 0.221, 0.218 µM quercetin/g at a concentration of 23.53 μg/mL). Compounds 1 and 7 showed nearly the same activity. Based on these results, the presence or absence of caffeoyl group can have an important impact on the antioxidant activity. According to the literature, the presence of the CH=CH-COOH group in cinnamic acid provides a greater antioxidant power than the COOH group in benzoic acid. [56] Accordingly, protocatechuic acid, with a similar structure, showed lower inhibitory activity because it does not have the CH=CH group. There are subtle differences between the results of the FRAP and DPPH assays; however, the caffeoyl group seems to have an important impact on the antioxidant activity as measured by the two assays. Compound 8 exhibited the third highest antioxidant activity because of existence of a catechol structure and 2,3-double bond conjugated with a 4-oxo function. [57] Compounds 7 and 9 might be the major contributors to the antioxidant activity of EtOAc fraction of PLE because they were the main components that had 102 and 50 μg/mg of EtOAc fraction ( Figure 3E ), respectively, although other compounds also showed considerable antioxidant capacity. 
Conclusion
In this study, the antioxidant capacity of PLE was examined by HO•, H 2 O 2 , FIC, TAC, NO, ABTS, DPPH, and FRAP assays. The PLE showed considerable antioxidant activities on all assays. Moreover, EtOAc fraction of PLE showed highest antioxidant activity on H 2 O 2 , NO, TAC, FRAP, ABTS, and DPPH; n-Hex fraction showed highest antioxidant activity on HO•; n-BuOH fraction showed highest antioxidant activity on FIC. In order to identify the antioxidant constituents from EtOAc fraction of PLE, the DPPH-HPLC assay was performed. Thereafter, 11 compounds, namely protocatechuic acid (1), chlorogenic acid (2), caffeic acid (3), 4-methoxycinnamic acid (4), oleanolic acid (5), kaempferol-3-O-rutinoside (6), rosmarinic acid (7), luteolin (8), methyl-rosmarinic acid (9), apigenin (10), and 4′,5,7-trimethoxyflavone (11), were identified by reference standard compounds or NMR and EI-MS after isolation using step-wise HSCCC. Finally, protocatechuic acid (1), chlorogenic acid (2), caffeic acid (3), rosmarinic acid (7), luteolin (8), methyl-rosmarinic acid (9), apigenin (10), and 4′,5,7-trimethoxyflavone (11) are found to be the major antioxidant constituents in EtOAc fraction of PLE. These results suggested that P. frutescens can be a potent functional food ingredient with excellent antioxidant properties.
